INTRODUCTION
Pediatric Hodgkin lymphoma (HL) is highly curable, but for a meaningful minority, recurrent disease 1 and therapy-associated adverse health outcomes 2-11 remain a challenge.
To balance efficacy with toxicity, risk-adapted HL therapy has successfully used presenting characteristics and chemotherapy response. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Early response (ER) to chemotherapy is predictive of long-term outcome [25] [26] [27] and can help physicians to tailor subsequent therapy. 12, 16 Postchemotherapy
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were randomly assigned to receive or not receive two cycles of dexamethasone, etoposide, cisplatin, and cytarabine (DECA) followed by two ABVE-PC cycles. All SERs were assigned to receive IFRT. ABVE-PC and DECA cycles were delivered at 21-day intervals with granulocyte colonystimulating factor support. IFRT consisted of 21 Gy in 14 fractions of 1.5 Gy per day using AP/PA techniques and was scheduled to begin within 4 weeks after chemotherapy completion. Compliance with protocol-specified fields was ensured by mandated central review by the Quality Assurance Review Center (QARC). Treatment was limited to involved areas of disease at presentation. Gross tumor volume included any lymph nodes measuring Ͼ 1.5 cm in a single axis on CT. Clinical target volume included the anatomic compartment containing involved nodes. The planning target volume was determined by the addition of a 1.0-cm margin around the clinical target volume to account for patient motion and set-up variability, with allowable modification at the discretion of the treating radiation oncologist with concern for extended treatment of normal tissue. If assigned to IFRT, patients with pulmonary metastases received 10.5 Gy of whole-lung radiation, regardless of resolution of pulmonary lesions, and those with liver metastases received 15 Gy to the entire liver; partial transmission blocks were used for both sites.
Treatment Change During Study Period
At study onset, initial chemotherapy treatment included three cycles of ABVE-PC; SERs were randomly assigned to receive or not receive two DECA cycles, and all patients received one additional ABVE-PC cycle. Among the first 108 patients, there were 100 RERs and eight SERs, which differed from the predicted 80% to 20% RER-SER distribution, suggesting three-cycle response was insufficiently discriminatory for therapy stratification. In July 2003, AHOD0031 was amended so that ER was determined after two ABVE-PC cycles. The 100 RERs with three-cycle ER were not included in IFRT comparison analyses, given that two-cycle ER was unknown. The eight SERs with three-cycle ER were included in the DECA comparison, given that two-cycle ER would not have differed (Fig 2) . F]fluorodeoxyglucose-positron emission tomography (FDG-PET) scanning. Functional imaging was requested but not required after two ABVE-PC cycles. With rising PET availability in institutions, PET was often assessed at this time point as well; these assessments were referred to as PET-2. ER determination was initially conducted at the institutional level. The study was amended in March 2006 to mandate QARC central review of ER. QARC reviewed all RERs for CR status at the completion of four ABVE-PC cycles, with review of the institutional gallium or PET scan for RERs with CR. FDG-PET examinations were analyzed at QARC using MIMvista (MIMvista, Cleveland, OH), which allowed consistent manipulation of data sent from many different scanners from various vendors. FDG-PET avidity was judged in comparison with background blood pool activity. Only patients with QARC-confirmed CR were eligible for IFRT random assignment.
Response Criteria
RER. Patients were determined to have a rapid early response if, on CT scan, regardless of PET response, a 60% or greater reduction was found in the product of perpendicular diameters (PPD) for all target lesions or there was a return to normal size after two ABVE-PC cycles.
SER.
Patients were considered to have a slow early response if rapid early response was not achieved.
CR. Patients were determined to have CR if there was an 80% or greater reduction in the PPD or a return to normal size for all target lesions, plus no residual extramediastinal nodal mass Ͼ 2.0 cm, no residual disease in nonmeasurable sites, and a negative gallium or FDG-PET scan.
Progressive Disease. Progressive disease (PD) was considered as a 50% or greater increase in the PPD of any nodal mass or organ lesions; a new lesion(s); or progression of a nonmeasurable disease site.
Statistical Analyses
The primary study questions were randomized comparisons of IFRT or no IFRT in RERs with CR and DECA or no DECA in SERs. The primary end point was event-free survival (EFS). Events included relapse/progression, second malignant neoplasm (SMN), and death. The accrual target was 1,700 patients with an estimated 640 randomly assigned RERs with CR and 320 randomly assigned SERs. Power estimation was based on one-sided log-rank test, assuming 7.5 years of accrual and 1 year of follow-up after the last accrual, providing approximately 88% power to detect a 5% decrease in EFS for no IFRT (93% v 88%) and a 10% increase in EFS for DECA (82% v 92%) with the assumption of seven of eight failures occurring before 3 years. The overall ␣ 
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www.jco.org levels were .20 and .05 for the IFRT and DECA comparisons, respectively. Interim efficacy monitoring was planned and performed annually on the basis of the Lan-Demets method with spending function ␣t 2 . 29 The prespecified monitoring boundary nominal P values at years 1 through 7 were .003, .010, .019, .034, .053, .077, and .104, respectively, for IFRT comparisons, and .001, .002, .004, .008, .012, .017, and .022, respectively, for DECA comparisons. With interim monitoring, the nominal P values needed to establish significant differences at the final analysis were .167 and .035 for IFRT and DECA comparisons, respectively. Analyses were based on intention to treat. EFS and overall survival (OS) were computed using the Kaplan-Meier product limit estimator 30 from the time of study enrollment or time of random assignment, as appropriate. Log-rank tests were used to compare EFS or OS between groups.
31 P values were two-sided, except for the two primary comparisons that were based on one-sided tests per the original study design.
We also conducted exploratory analyses, including only patients for whom data indicated compliance with random assignment and excluding patients with either incomplete data or data indicating noncompliance.
RESULTS

Patients and Staging
Among 1,734 enrolled patients, 1,712 were eligible, given that 18 did not meet diagnosis criteria, one received a pretreatment corticosteroid, and three did not have all required pretreatment evaluations (Fig 2; Table 1 ).
Mean and median ages at diagnosis were 14.6 and 15.2 years (range, 1.9 to 21.9 years), respectively. Pathologies included 80.8% nodular sclerosis, 9.1% mixed cellularity, 5.7% lymphocyte predominant, 0.2% lymphocyte depleted, and 4.2% not specified by institution. Stages included 4.8% stage IA bulk, 35.9% IIA bulk, 1.6% IAE/ IIAE, 0.9% IB, 21.3% IIB, 20.6% IIIA, and 14.8% IVA.
Therapy Response and Study Withdrawal
There were 1,369 RERs (100 with post-cycle-3 response) and 305 SERs (eight with post-cycle-3 response; Fig 2) . Of the 1,369 RERs, 762 had CR and were randomly assigned to receive or not receive IFRT; 571 had less than CR and were nonrandomly assigned to IFRT. An additional 36 RERs withdrew before radiotherapy random assignment because of PD (n ϭ 3), physician decision (n ϭ 4), patient decision (n ϭ 14), loss to follow-up (n ϭ 1), receipt of nonprotocol therapy (n ϭ 3), and for reasons unknown (n ϭ 11). Of 305 SERs, 304 were randomly assigned to receive or not receive DECA.
Thirty-eight patients withdrew after ER determination because of PD (n ϭ 1), death (n ϭ 1), other toxicity (n ϭ 2), physician decision (n ϭ 12), patient decision (n ϭ 10), loss to follow-up (n ϭ 2), receipt of nonprotocol therapy (n ϭ 2), and for reasons unknown (n ϭ 8).
Survival
EFS and OS are at 4 years on the basis of March 2012 data, at which time, among all patients who were alive at last follow-up, 65% had contact within 1 year and 77% had contact within 2 years. Among patients who were enrolled onto the study within 5 years of March 2012 and were alive at last contact, 82% had contact within 1 year and 91% had contact within 2 years. Median follow-up for patients censored for EFS or OS is 4.2 years.
There were 260 first events, which included relapse/progressive disease (n ϭ 242), SMN (n ϭ 11), or death (n ϭ 7). This resulted in EFS of 85.0% (95% CI, 83.2% to 86.7%). There were an additional 35 patients who died after another event (relapse only , resulting in OS of 97.8% (95% CI, 97.0% to 98.5%; Fig 3A) .
Early response was an important prognostic factor; EFS and OS were significantly higher in RERs versus SERs (Fig 3B) . In RERs, EFS and OS were 86.9% (95% CI, 84.8% to 88.7%) and 98.5% (95% CI, 97.6% to 99.1%), respectively. In SERs, EFS and OS were 77.4% (95% CI, 72.0% to 81.9%) and 95.3% (95% CI, 92.0% to 97.2%), respectively.
With respect to the IFRT random assignment, EFS was 87.9% (95% CI, 83.7% to 91.1%) in those receiving radiotherapy versus 84.3% (95% CI, 79.8% to 87.9%) in those with chemotherapy alone (P ϭ .11). OS for those receiving IFRT versus chemotherapy alone was 98.8% (95% CI, 96.8% to 99.5%) versus 98.8% (95% CI, 96.9% to 99.6%), respectively (P ϭ .51; Fig 3C) . EFS and OS did not significantly change with inclusion of patients with ER at three cycles or patients who were noncompliant with the IFRT random assignment.
For the DECA random assignment among SERs, EFS for those receiving DECA was 79.3% (95% CI, 71.6% to 85:1%) compared with 75.2% (95% CI, 67.3% to 81.4%) in those who did not receive DECA 
Fig 3. Event-free survival (EFS) and overall survival (OS). (A) EFS and OS for the entire study cohort. (B) EFS
and OS for two-cycle rapid early responders (RERs) and slow early responders (SERs; EFS, P Ͻ .001; OS, P Ͻ .001). (C) EFS and OS by involved-field radiation therapy (IFRT) random assignment for RERs with complete remission (EFS, P ϭ .11; OS, P ϭ .51). (D) EFS and OS by dexamethasone, etoposide, cisplatin, and cytarabine (DECA) random assignment for SERs (EFS, P ϭ .11;(P ϭ .11). OS did not differ between those receiving or not receiving DECA: 96.5% (95% CI, 91.7% to 98.5%) versus 94.3% (95% CI, 88.9% to 97.1%), respectively (P ϭ .16; Fig 3D) . EFS and OS did not significantly change when the analysis was limited to patients who were compliant with random assignment.
Because of the era of the study, FDG-PET was not required for ER determination. However, 1,135 patients had a PET-2 evaluation (PET assessment after two ABVE-PC cycles), of whom 746 were eligible for the two random assignments in the study.
In 550 RERs with CR, PET-2 results did not affect EFS for the IFRT random assignment. Among patients with PET-2-negative results, EFS with and without IFRT was 86.7% (95% CI, 80.7% to 90.9%) versus 87.3% (95% CI, 81.7% to 91.3%), respectively (P ϭ .87). Among patients with PET-2-positive results, EFS with and without IFRT was 83.1% (95% CI, 69.9% to 90.8%) versus 78.1% (95% CI, 62.3% to 87.9%), respectively (P ϭ .80; Fig 3E) .
PET-2 results were available for 196 SERs who were randomly assignedtoreceiveornotreceiveDECA.AmongSERswithPET-2-negative results, EFS with DECA was 90.1% (95% CI, 77.9% to 95.8%) and without DECA, 85.6% (95% CI, 73.2% to 92.5%; P ϭ .54). Among SERs with PET-2-positive results, EFS with DECA was 70.7% (95% CI, 52.7% to 82.9%); this was marginally superior to EFS without DECA, which was 54.6% (95% CI, 37.3% to 69.0%; P ϭ .05; Fig 3F) .
Toxicity
During therapy, 83.8%, 24.9%, and 16.9% of participants reported grade 3 or higher hematologic toxicity, febrile neutropenia, and infection, respectively. Seven deaths occurred as first events as a result of infection (n ϭ 2), car accident (n ϭ 2), seizure (known seizure disorder; n ϭ 1), and cause unknown (n ϭ 2). Infectious deaths were each a result of Gram-negative sepsis and candidemia in the setting of nonprolonged neutropenia. Eleven SMNs occurred as first events: basal cell carcinoma (n ϭ 1), mycosis fungoides (n ϭ 1), thyroid cancer (n ϭ 1), testicular cancer (n ϭ 1), leukemia/myelodysplastic syndrome (MDS; n ϭ 3), lymphoma (n ϭ 3), and osteosarcoma (n ϭ 1). Two additional SMNs (synovial sarcoma and MDS) occurred after relapse treatment in patients treated with radiotherapy. All but one patient received radiotherapy. The thyroid cancer and sarcoma were within radiotherapy fields.
DISCUSSION
This is the largest pediatric HL phase III trial to be conducted, and the only study using a dose-intensive chemotherapy regimen with randomized ER-directed titration of therapy, to our knowledge. We demonstrated that ER to chemotherapy is prognostic of EFS and OS and can be used to tailor therapy. We identified a population of intermediate-risk patients with HL (RERs with CR) for whom IFRT could be avoided without compromising outcome. We also identified a population (SERs with PET-2-positive results) for whom EFS was higher with chemotherapy augmentation, albeit with borderline statistical significance. These data support previous COG studies that have demonstrated the prognostic significance of ER, 17,25 titration of therapy on the basis of ER, 12, 16, 24 and avoidance of IFRT on the basis of CR to chemotherapy. 18, 20 AHOD0031 chemotherapy was similar to that used in COG P9425, wherein 217 patients nonrandomly received three or five ABVE-PC cycles on the basis of three-cycle response, followed by IFRT. 12 Our EFS was similar to that of COG P9425 for the entire cohort (83.4% v 84%) and RERs (85.1% v 86%), but lower for SERs (75.2% v 83%); the SER difference is driven by the SERs with PET-2-positive results. However, COG P9425 included patients with stage IIIB and IVB disease, IFRT for all patients, and had different response criteria. AHOD0031 included 28% RERs who were randomly assigned to receive no IFRT, and SERs were randomly assigned to receive four ABVE-PC cycles with or without two DECA cycles plus IFRT. In COG P9425, all RERs received IFRT, and SERs received five ABVE-PC cycles plus IFRT. Albeit with differing inclusion and response criteria, AHOD0031 can be compared with GPOH-HD 2002, wherein the TG-2 and 3 groups had a combined EFS of 87.7%, which was comparable with 85% in AHOD0031. In GPOH-HD 2002, patients in theTG2-3 group received four to six cycles of chemotherapy and IFRT of 19.8 Gy, and 6% received 30-Gy boosts. 23 Patients in AHOD0031 received four to six cycles of chemotherapy, 22% received no IFRT, and the remainder received 21 Gy without an additional boost.
Several COG trials have examined regimens that exclude radiotherapy. These include COG C521 and P8725, which used 12 and 8 Early PET scanning can inform further therapy. [33] [34] [35] [36] In AHOD0031, PET did identify those SERs who might benefit from early therapy augmentation. SERs with PET-2-negative results had 4-year EFS that was consistent with EFS of RERs, but SERs with PET-2-positive results had inferior EFS that was improved by treatment augmentation (70.7% with v 54.6% without DECA; Table 2 ).
Excellent cure rates remain the primary goal of clinical trials, but in HL, risk for SMNs and chronic health problems 2-11 negatively affects long-term EFS, which is the true metric of therapeutic success. This trade-off between early EFS and later occurring toxicity is demonstrated by a state-transition model of HL to simulate the lifetime clinical course, comparing chemotherapy to combined-modality therapy. Accounting for mortality from HL and late effects of treatment, Yeh and Diller 37 found a longer conditional life expectancy with initial treatment with chemotherapy alone.
Our regimen was designed to administer cumulative doses of alkylating agents and anthracyclines associated with low risk of long-term toxicities and to identify a group of patients for whom radiotherapy could safely be eliminated, given that even lower doses of radiotherapy may increase SMN risk. 8 Etoposide is associated with a small risk for subsequent leukemia 38 ; however, the cumulative dose in AHOD00031 was minimized. Although it is premature to assess the impact of this therapy, most AHOD0031 patients are beyond the high-risk period for etoposideassociated leukemia. There are only 13 SMNs that have been reported (0.7% of patients), with only four leukemia/MDSs (0.2%), one of which was diagnosed after recurrent disease.
Follow-uptimeisimportanttoestablishdifferencesinstudyarms.In the German Hodgkin's Lymphoma Study Group HD6 trial, the superiority of the chemotherapy-only arm became evident only after 12 years of follow-up. 39 In contrast, the 10-year follow-up for COG 5942 was similar to3-yearresults.
18,20 Todeterminethelong-termoutcomesofthepatients in this trial, we have included late reporting up to 10 years after therapy to examine the contribution of later events to EFS.
Although AHOD0031 established a response-based paradigm for treating and titrating HL therapy that was successful overall, some limitations should be acknowledged. This study was conducted over a period of time during which there were important advances in FDG-PET. However, the study was well underway as such advances came to clinical practice, and we were therefore unable to use newer methodologies for interpretation or include PET in ER determination. Moving forward, use of such methodologies will establish a more sensitive interpretation of PET in ER to better inform reduction or augmentation of therapy. The patients with stage IVA disease had an EFS of 80.8% in the entire group and 74.9% in the 19% with slow early response; thus, further examination is required to design more effective therapy for these patients. It is also essential to understand factors that led to the inferior outcome for the SERs with PET-2-positive results. Although outcomes were marginally significantly improved by augmentation, additional modifications are required to improve outcomes for this group. Multivariable analyses of patterns of failure and risk factors are ongoing to inform future strategies, including improved risk stratification and response criteria.
Treatment with dose-intensive ABVE-PC, despite these limitations, successfully induced ER and allowed titration of therapy, permitting avoidance of radiotherapy for RERs with CR and setting the paradigm for augmentation of therapy for SERs with PET-2-positive results. In 44% of our cohort (RERs with CR), we demonstrated that IFRT could be spared, reducing the potential for the associated long-term toxicities. In the context of a chemotherapy regimen that is of short duration (12 weeks in RERs), with low cumulative chemotherapy doses that are generally below thresholds for late toxicity, this represents a highly significant reduction of therapy and associated long-term toxicities.
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